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ABSTRACT

Conus chiangi (Azuma, 1972) has been regarded by several
workers as morphologically distinctive enough from other
Conus species to merit p]acement in its own genus (e.g.,
Taranteconus, Azuma, 1972). We demonstrate using standard
molecular markers that this species is related to such well-
known species as Conus impe rialis Linne, 1758, and Conus
regins Gmelin, 1791, which are generally regarded as belong-
ing to the Str’phmmmnm (Mor(h 1852). clade. Ste plzanumnus
has had nnplesswe radiation of species in the new world, but
only two species were previously assigned to Steplhanoconus
from the Indo-Pacific region (Conus imperialis and Conus
~onatus Hwass, 1792).

We also present data using a toxinological marker for Conas
chiangi consistent with its inclusion in Stephanoconus. In at least
three species of this clade, a virtually identical peptide toxin (first
alled a-conotoxin Tml from Conus imperialis) was identified.
Although the predicted mature peptide toxin sequences are
closely similar, significant divergence in the prepro region of the

precursors was observed. It is suggested that the conservation of

the mature peptide toxin sequence is a result of strong selection
related to prey choice in Stephanoconus.

The results described here suggest a revised picture of the
radiation of Stephanoconus in the Indo-Pacific. In addition to
the well-known species Conus imperialis and Conus zonatus,
which corprise one group, a radiation of small Conaus species
in deeper water may potentially comprise another distinctive
group of Stephanoconus.

Additional keywords: Conotoxins, peptides, DNA sequence,
molecular markers

INTRODUCTION

Conus chiangi (Azuma, 1972), is a morphologically
unusual Conus species that differs strikingly from other
Conus in its spire sculpture (sec Figure 1). For many
vears, Conus chiangi was extremely rare and, only very
()Lcasl()nally collecte d The type locality is in the ‘South
China Sea; a junior synonvm of Conus (hzmmz is Conus
lamellatus (Suzuki, 1972) — the type of Conus lame Jatus
was collected off of Sumisu Island, near Hachijo Island,

Izu Peninsula, Japan. Probably because of the unique
scale-like spines that line the “shoulder margins of the
spire, both Azuma and Suzuki proposed that thls species
defined a new genus: Azuma designated Taranteconus as
a new genus for this species while Suzuki proposed
Cornutoconus, reflecting the perceived uniqueness
of Conus chiangi. The taxonomy of C. chiangi has
been discussed by Coomans ct al. (19583) and Réckel
et al. (1995).

More recently, a number of specimens of this unusual
cone snail have been collected in the l’hilippincs Ini-
tially, collectors using tangle nets obtained specimens
from Cebu and dl()lln(l B()h()] Islands. Then, more
recently, use of small trawls allowed for collection of an
even larger number of specimens off Alignay Istand.
Philippine specimens are shown in Figure 1, including
an inset illustrating the characteristic spire structure. In
this work, we describe a molecular analysis of Conus
chiangi, using a number of different genetic markers to
provide mwrhts into the relationship of Conus chiangi to
other species of Conus. Additionally, we present some
unexpected results ithustrating selection for conservation
of a toxin expressed in Conus (]11(1!2"1 venom ducts.

In combination, the data we present below demon-
strate that Conus chiangi is not p]l)l()(’( netically distant
from other Conus spcucs Thus, there is no JllStlfl(_“ltl()Il
for the erection of a new genus for this S)((l( S, ;_,1\'( n
that Conus chiangi is shown to be closely r('latvd to well-
known species such as Conus im})('rialis Linne, 1758,
and Conus regius Gmelin, 1791, which belong in the
Stephanoconus clade. This conclusion is reached consis-
tently, no matter which genetic locus we used for the
phylogenetic analysis. The more general biological/evo-
lutionary implications of these results are discussed.

MATERIALS AND METHODS

Preparation of Genomic DNA:  Genomic DNA was
prepared from 20 mg Conus chiangi hepatopancreas tis-
sue using the Gentra PUREGENE DNA Isolation Kit
Kit (Gentra Systems, Minneapolis, MN) according to the
manufacturer’s standard pr()t()('()l.
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Figure 1

Cloning and Sequencing of 128 and 16 mitochondrial
RNA segements and Cytochrome Oxidase subunit 1
mitochondrial RNA gene segment (BarCOI)

Ten ng of Conus chiangi genomic DNA was used as a
template fov polymerase chain reaction (PCR) with oli-
gonucleotides eorresponding to 12S-1 (5" TCG CAG
CAG YCG CGG TTA) and 128-I11 (5" AGA GYG RCG
GGC GAT GTG T) mitochondrial rRNA segments and
16SH (5" CCG GTC TGA ACT CAG ATC A( G T) and
161.C (5" GTT TAC CAA AAA CAT GGC TTC) mito-
ehondrial rRNA segments, and oligonueleotides corre-
sponding to COT dgl CO-1490 (5" GGT CAA CAA ATC
AIA AA( AYATG Y 3 3) and COL dgHCO-2198 gene
segments (5" TAA ACT TCA GGG TGA CCA AAR AAY
CA 3. The per cycling profiles are as follows: Initial
denaturation (95°C, 60 s); followed by 40 eycles of dena-
turation (95°C, 20 s); annealing (55°C, 20 s) and exten-
sion (72°C, 30 s). The resulting PCR products were
purified by gel electropheresis, recovered from agarose
using Iigh Pure PCR Product Purifieation Kit (Roehe
Diagnostics, Indianapolis, IN). The eluted DNA frag-
ments were annealed to pNEB206A vector using the
USER Friendly Cloning kit (New England ]51()LAbs
Inc.. Beverly, MA) [ul]()\\m(r manufacturer’s suggested
protocol and the vesulting l)lO(lllLt transformed  into

DIT5a competent cells. The nucleic aeid sequences of

the resulting 125, 16S and COl-encoding clones were
determined according to the standard protocol for Auto-
mated sequencing,

Phylogenetic Analysis:  Sequences which were first
alioned with Clustal X (Larkin et al., 2007) and then
refined by eye align obviously 11()111()1()«)11\ regions that
Clustal failcd to recognize. Individual genes  were

Conus chiangi (Azuma, 1972). Left: A specimen of
Conus chiangi, collected off Aliguay Island, Philippines. Right:
The spire of a different specimen of Conus chiangi, showing a
close-up of the unusual scale-like spine morphology of the
spire shoulder margins. Scale bar = 1 cm.

eoneatenated with MaeClade 4.08 (Maddison and
Maddison, 2005).

Sinee MrBayes (Iuelsenbeck et al., 2001) has the
eapability to (‘()lnplct(*l\ stratify maximum  likelihood
model parameters by gene and by codon position
(R(mqmst and Huelsenbﬂl\ 2003), we ehose it as the
primary method of tree eonstruetion. Eaeh analysis com-
prised two simultancous runs with four chains each.
All runs were suffieiently long to minimize the average
standard deviation of the split frequeneies (below
0.05 for COI and 0.007 for 12S rBRNA and for the
eoneatenated sequence of 3 genes. Plots of the number
of generations against the maximum likelihood scores
indicated appar ent equilibrium. Further diagnostics
ineluded the potential seale reduction factor (PSRF) that
measures the fit of branch length and all parameters.
Trees and parameters from the first 25% of the genera-
tions were disearded (the burn in) after completion of
the MCMC (Monte Carlo Markov Chain) seareh. Bayes-
ian analyses ecomprised two runs with four ehains each.

We also used maximum likelihood analysis using
models optimized in PHYML (Guindon and (rascuel.
2003). For each tree, we ran a heuristie maximum likeli-
hood seareh followed by analysis of 1000 bootstrap repli-
eates to plaee eonfidenee limits on the trees.

Identification and Sequencing of clones encoding
Chl.1

Genomie DNA from Conus chiangi, prepared as
deseribed above, was used as a template for polymerase
ehain reaction (PCR) with oligonucleotides correspond-
ing to the eonserved intron and 3" UTR sequences of
previously isolated a-eonotoxin genes:

Forward primer: 5 TGT GTG TGT GTG GTT CTG
GGT Y

Reverse primer: 5 CTC GAG GTC GTG GTT CAG
AGG 3

The PCR cyeling profiles are as follows: Initial dena-
turation (95°C, 60 s); followed by 40 cyeles of denatur-
ation (95°C, 20 s); annealing (62°C, 20's) and extension
(72°C, 30 s). The 165111t111g per products were purified
using the High Pure PCR Produet Purifieation Kit
(Roche Diagnosties, Indianapolis, IN) following the
manufaeturers suggested protocol. The eluted DNA
fragments were annealed to pNEB206A veetor, and
sequenced as described above.

RESULTS

Molecular phylogeny of Conus chiangi: In order to
assess the phylogenetie relationships of Conus chiangi to
other Conus species, the sequenees of three standard
molecular markers were obtained as described under
Materials and Methods above: COl, 125, and 16S. A tree
based on the COT sequences is shown in Figure 2; a set
of COI sequences from a much larger mumber of Conus
specics werc initially analyzed. ()nh a small subset of
these results is shown, 111(111(1111" the speeies found to
be most elosely related to Conus chiangi. The data
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Figure 2.

A Bayesian phylogenetic tree based on COI sequences. Numbers to the left of the slash are Bayesian posterior

probabilities (*\pwswd as pereentages. Numbers to the right are maximum likelihood hootstrap pereentages. Dashes or blanks mark
support values less than 50%. These data suggest that Conus cliiangi is related to Conns imperialis and Conus zonatus. Sequences of
the COI marker of a much larger nnmber of Conus species have lw( ‘n obtained. but only a few clades are shown,

presented in Figure 2 suggest that Conus cliangi is
related to two shdl ow-water Indo-Pacific spf*ues Conus
imperialis and Conus zonatus. These two species belong
to a clade known as Stephanoconus, which comprises
cone snails  known to specialize  on  devouring
amphinomid polychaetes  (“fireworms”). There is a
greater biodiversity of this group in the new world; in
the Indo-Pacific, the only species that are generally
assigned  to  the  Stephanoconus  clade ave  Conus
imperialis and Conus zonatus (Duda Jr et al., 2001;
Espiritu et al., 2001).

The 1)()91t10n ol Conus chiangi was independently
assessed using 12SrRNA sequences (Figure 3). Thesc
data strongly indicate that Conus chiangi is a member of
the Ste p/mnm onus clade.

Ve tound that an alignment of 16SrRNA, by itsclf, had
to() little phylogenetic Sl”lld] to yield a me (mm(r{nl tree.
However, combining the gene with 128 and ( Ol in a
stratificd analysis m(wdsed the phylogenetic signal to
the extent that the 1(’]dtl()ll%]ll[) of C. chiangi with the
other Stephanoconus species became clear (blgur( 4).

In this casc, there is a 100% posterior probability
that Conus cliangi belongs within the Stephanoconus
clade with Conus regius and Conus imperialis. Further-
more, the data suggests that there are three groups in the
clade, one that includes the large Indo-Pacific forms
(Conus imperialis and Conus zonatus), one that includes
some of the new world forms (Conus regins Gmelin,
1791, and Conus brunnens Wood, 1828) and Conus
(]11(111”1 which in this phylogeny somewhat surprisingly
groups together with the Panamic species Conus archon
Broderip, 1933.

Toxinology: The discovery that Conus chiangi venom
ducts e\pwsse(l a certain t\lu of venom pe 1)[1(](* (i.e.,
a-conotoxins (Santos et al., 2004) belonging to the «4/3
subfamily) was an carly indication t]nt the specics
might be a member of the Sfr;)lumuunms clade (Ellison
et dl., 200S). Only species in the Stephanoconus clade
are known to express this unusual gronp of Cornes venom
peptides, which are  targeted to  nicotinic  acetylcho-
line receptors. We report here an even more striking
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Figure 3.

12SrRNA tree inferred from Bayesian analysis. A topologically identical tree was inferred using maximum likelilood

analysis. Branch labels are as described in Fig 2. Note that the clade defined by the bold line (Stephanoconus) is well supported using

this molecular marker.

illustration of the close affinity of Conus chiangi to other
species in the Stephanoconus clade.

An analysis of peptides in the venom ducts
expressed in Conus chiangi has revealed a precur-
sor to a peptide previously extensively characterized,
g-conotoxin  Iml from Conus imperialis (McIntosh
et al., 1994). In general, there is a striking sequence
divergence between Conus peptides from different
species. The discovery that a peptide identical to
a-conotoxin Iml is expressed in the venom duct of
Conus chiangi provides additional support that the
two species arc related.

A comparison of precursor sequences predicted from
clones obtained from Conus chiangi, Conus imperialis
and Conus regius is shown in Figure 5. The sequences
are aligned to maximize scquence identity. Because the
predicted precursor scquences for Conus imperialis and
Conus regius werc obtained from a genomic clone (sec
Materials and Methods), these precursor scquences
were incomplete but the available sequences have been
aligned. The predicted mature peptides arc shown in the
figure, with the predicted cleavage signals for protcolytic
processing underlined.

The sequences shown in the figure reveal that al-
though the mature peptides from Conus imperialis and
Conus chiangi are identical (and the mature peptide
from Conus regius almost identical); the inferred precur-
sor sequences indicate considerable divergence in the
propeptide region. Thus, this is an unprecedented exam-
ple of identical or ahmost identical mature peptide
sequences with significant differences in the propeptide
region of the precursor. The potential significance of
these data will be discussed below. However, thesc
results are strong evidence for the close relationship
betwcen, and potentially similar biology of, Conus
(rhi(lngi, Conus imp('mlis and Conus regius.

DISCUSSION

The data pr(‘smltod above were obtained from two types
of experimental approaches. The phylogentic rclation-
ship of Conus chiangi to other Conus species was first
cvalinated using three standard marker genes. Conus
chiangi appears well embedded within the major clade
of cone snails (Bandyopadhyay et al., 2008; Puillandre
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Figure 4. A phylogenetic tree combining all three molecular markers obtained, COI, 125 and 16S) in a stratified Bayesian
analysis. An identical maximum likehood tree supports this topology. Labels are as in Figure 2. In this case, the assignment
of Conus chiangi to the Stephanoconus clade (type of the proposed subgenus Stephanoconus is Conus regius) is well

supported.

Scquences from genomic clones:

Chl.l1 ... FDGRNAAADDKASDLIAQ1VRRGCCSDPRCAWRC
a-lml ...LEERNAPADDKASDLIAQIVRRGCCSDPRCAWRC
Rgl9 ...FNGRSAAADQNAPGLIAQVVRGGCCSDPRCAWR(

Predicted mature a-conotoxin sequence:

Clone Species Predicted toxin sequence
Chl1.l Conus chiangi GCCSPDRCAWRCH
admt Conus imperialis GCCSPDRCAWRCH
Rgl.9 Conus regius GGCCSPDRCAWRCH

Figure 5. Similarity of mature a-conotoxin sequences
of Conus chiangi with those from Conus imperialis and
Conus regius. Shown are data obtained from genomic
clones from Conus chiangi, Conus imperialis and Conus
regius. The predicted proteolytic processing site following
which cleavage occurs to release the mature toxin is under-
lined. Note that the mature toxin sequences are virtually
identical in the three species despite considerable diver-
gence in the propeptide region. # - denotes an amidated
C-terminus

et al., 2008) and is most closely related to Conus species
traditionally assigned to the Steplanoconus clade.

The second type of data described above were
toxinological markers; these are also consistent with
the assignment of Conus chiangi to the Stephanoconus
clade. The discovery of identical or almost identical
peptide sequences from the venom ducts of Conus
chiangi, Conus tmperialis and Conus regius establishes
the close relationship between  the three  species
despite the strikingly divergent shell morphology of
Conus cliangi. In contrast to the other two shallow-
water species, it is only found in rclatively deep water
(200-300 meters). This is the first documentation of
almost identical peptides from three different Conus
species—even peptides that seem to share the same
molecular targeting specificity can vary greatly in their
primary amino acid sequence if closcly related Conus
species are compared. 2-Conotoxin ImlI has been an
extensively characterized competitive antagonist of nic-
otinic acetylcholine receptors. In the mammalian ner-
vous systen, this pt*pti(l(' cnmp(*titi\'vl_v antagonizes a
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Figure 6. Shells of some species in the Stephanoconus elade. All speeies in the Stephanoconus clade that are ineluded in the
analysis in Figure 4 are shown. Top, left to right: Conus chiangi, C. imp( rialis, C. zonatus; bottom, left to right: C. regius, C. arclion,

C. brunneus. The specimen of Conus hrunneus shown is a ]mmnlo (when adult, it is approximately the same size as th(' specimen of
Conus regius). All of the other specimens, ineluding C. cliangi are full-sized adults. Note how mueh smaller Conus chiangi is than
the other species in this clade. Scale bar = 1 cm, :lppll( s to all images.

variety of neuronal subtypes, including o7 and a3p2 Potentially more relevant to the biology of the eone
nicotinic  receptors.  Injection  of the peptide  into snails is the observation that this pe pudv also inhibits
the central nervous system of a mouse elieits partial one ol the nicotinic acetylcholine receptors at the neuro-

seizures. muscular junetion of the nematode Caenorhabditis
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elegans (J. Richmond and E. Jorgensen, unpublished
wsu]ts) Thus, the peptide appears to be active over a

broad phylogenetic range, although it seems to be highly

sele ‘Ltl\(’ i()l a specific sulmt of nicotinic ace t\ldl()hue
receptors in an individual nervous system. In inverte-
brates, it may well be targeted to nicotinic receptors that
are important for neuromuscular transmission, and thus
may be a major venom component that enables poly-
chaete-hunting cone snails to cause prey paralysis.

The unusual conservation of the mature toxin region
may be a consequence of the small size of this peptide.
There may be stringent selection on the sequence of the
peptide. There is some direct evidence to supp(nt this:
native peptides that are closely homologous in sequence,
such as a-conotoxin ImlI and a-conotoxin RgIA, have
different molecular targeting specificity (for a review,
see Olivera et al., 2008). Thus, the mature o-conotoxin
Iml peptide, which is also found in Conus eliangi
venom, has presumably been optimized by strong selec-
tion, and given the small size, does not show the typical
hyperv Lumlnht\ that can be demonstrated in larger
homologous peptl(l(‘s from different Conus. Nt‘\(]t]l(‘
less, tll(lt the genes involved arc subject to hypervariation
is demonstrated by the lack of conservation in the
propeptide region between the three species compared
in Figure 5.

Thus, despite highly divergent morphological charac-
teristics of the shell of Counus eliangi, it is clearly related
to other Conus and there would appear to be no justifica-
tion for separating it into a separate genus. The assign-
ment of Conus cliangi to the genus Conus (and subgenus
Steplianoeonus) would be consistent with the results
presented above. [It should be noted that some work-
ers (see for example da Motta, 1991) do not assign
C. imperialis to Stephanoeonus, but to Lithoconus Morch,

1852. Since the type of Lithoeonns is C. leopardus,
which is not closely related to C. imperialis by molecular
phylogeny, the assignment to Stephanoconus seems more
uppr()[)riute].

A curious feature of the Steplanoconns clade (sec
Figure 6 for some examples) is that there were relatively
few species assigned to this clade in the Indo- Pacific,
with greater l)lu(h\u%lt\ in the Caribbean/Eastern
Pduhc Although not all candidates 1()1 assienment to
the Sl(p]umucmms clade have been dircetly analyzed
using molecular markers, it seems likely that Conus
brunnens Wood, 1828, Conus bartselii Hunna and
Strong, 1949, and Conus archon Broderip, 1833, in the
Eastern Pacific, and Coans regius Gmelin, 1191. Conus
aurantivs Hwass, 1792, and the complex of forms related
to Conus eecdonnlli Linne, 1767 in the Caribbean, are
members of the Steplanoconns clade. Although the
Indo-Pacific has much greater l)i()di\'t‘rsit_\' of Conus spe-
cies in general, only two species have routinely been
‘l%l"n((l to this clade, the wide ly distributed  Conns
impe rialis Linne, 1758, and Conus zonatus IHwass,
1792, found in the Indian Ocean from South India to
Western Thailand. The results of our study, which has
revealed that Conus ehiangi is well embedded in the
Stephanoconus clade, raises the possibility that there is
a deep-water Indo-Pacific radiation of Steplianoconus. It
would seem useful to investigate whether other Conus
species with unusnal spire structures belong to this
group, including two other small deep-water species,
Conus suidurati and Conus polongimarimai Kosuge,
1950 (see Figure 7). From similarities in shell morphol-
ogy, the latter seems particularly likely to be a deep-
water Steplianoeonns like Conus chiangi.

The discovery that Conus (’lzzangz belongs to the
Stephanoconus clade has biological implications: all

Figure 7

Conus chiangi compared to other putative members of a deep-water Stephanoconus clade. The two left-most specimens
are Conus chiangi; the two middle specimens are Conus polongimarumai and the right-most specimen is Conus suidirati. The two
species Conus polongimarumai and Conus suidirati are rare, and no molecular data has been obtained. Based on morphological
criteria, these are candidates for mclusion in a deep-water Indo-Pacific clade of Stephanoconus. defined by Conus chiangi. Scale
bar = 1 cm, applies to all immages.
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known members of the Stephanoconus clade whose prey
preference has been defined eat amphinomid poly-
chaetes (“fireworms”) (Kohn, 1959; Rickel et al., 1995).
The molecular phylogeny of Conus chiangi, and the con-
servation of venom peptides documented above, suggest
that the prey preference of the species is related: likely
small, deep-water amphinomids. Whether or not this
prediction is true can be verified by a type of reverse
ecological approach that was recently used for identify-
ing the prey of some turrid species (M. Astilla and
G. Concepcion, unpublished) in which a PCR analysis
of the gut contents of several Turrid species (to identify
the barcode sequence of recently ingested prey) was
used. However, the tree in Fignre 4 suggests that the
deep water Indo-Pacific Stephanoconus diverged from
the two shallow water specics relatively early in the adap-
tive radiation of the clade, comparable in time to when
the new world and old world branches diverged.

The Stephanoconus clade, as redefined here, has sev-
eral intriguing features. It is one of the few world-
wide clades within the genus Conus. In contrast to
Stephanoconus, the (‘onus species that prey on fish dis-
play an entirely different biogeographic pattern. The
available molecular data indicate that the new world
piscivorous species evolved fish-hunting completely inde-
pendently, and are not genetically more closely related to
fish-hunting than to non fish-hunting Conus clades
(Duda Jr. and Palumbi, 2004; Espiritu et al., 2001; Impe-
rial et al., 2007) (Krause et. al., manuscript in prepara-
tion). The fact that Stephanoconus is both worldwide in
its distribution, and significantly more species-rich in the
new world, is different from most other characterized
branches of Conus, suggesting an unusual evolutionary
history of this group compared to other cone snail clades.
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